The chemical-mechanical polishing (CMP) process has been proven to be the most promising method for accomplishing global planarization. In this paper, results of chemical-mechanical polishing of fluorinated silicon dioxide (SiOF) thin films are presented. Nanohardness, elastic modulus, and bonding structure of fluorinated silicon dioxides are characterized in order to evaluate their correlations with CMP performance. The results show that under fixed chemistry and mechanical parameters, the CMP removal rate increases significantly with increasing fluorine content in the oxides due to the lower hardness and elastic modulus in the films. Higher CMP removal rate is observed for fluorinated oxides polished with slurry of pH 10 relative to pH 9. Compared with undoped oxides, SiOF films are more sentisitive to chemical and moisture attacks as reflected by the post-CMP increase in refractive index.
Introduction
Advanced semiconductor device interconnects are the pivotal components governing the final device yield and reliability. The trend toward shrinking design rules and increasing interconnect packing density have driven the development of multilevel interconnect systems. As interconnect lines shrink and move closer together, the resistance of conductor lines and plugs and the capacitance of SiO,-based intermetal dielectrics limit further increase in clock speed.' The incorporation of low permittivity (low-€) dielectrics and lower resistance, electromigration-immune conductors into the interconnect scheme has become imperative to further reduce the RC delay in the deep submicron regime.2 Recently, many low-s materials based on totally different chemistries such as polymides have been put forth."4 Meanwhile, new film formation technologies are being invented to improve the quality of the traditional SiO,-based intermetal dielectrics (IMD) while reducing their dielectric constants by fluorine doping. These include plasma-enhanced chemical vapor deposition (PECVD) ," liquid-phase deposition (LPDY' tetraethoxysilane-ozone (TEOS-O,), atmospheric-pressure chemical vapor deposition (AP-CVD),° room temperature catalytic CVD (RT-CVD),'" and spin-on glasses (SOG).
Despite the different approaches to low-c dielectrics, potential IMDs for future ultralarge scale integrated (ULSI) applications should all meet a number of other material requirements such as low stress, good thermal stability, and minimal moisture permeation. Additionally, they must be compatible with advanced ULSI planarization technologies like chemical-mechanical polishing (CMP) from a process integration point of view. The CMP characteristics of the fluorine-doping oxide films have been reported previously" However, knowledge of the mechanical characteristics of SiOF films is still obscure and insufficient for evaluating the role of mechanical abrasion during CMP of fluorinated oxides. Besides, lots of previous studies have found that SiOF films are easily attacked by moisture. Since, during CMP operation, the samples are immersed in an aggressive aqueous slurry the stability of SiOF films during CMP is an issue. Hence the feasibility of SiOF-CMP becomes a subject for further investigation.
In this article, results of chemical-mechanical polishing of SiOF thin films are presented. Nanohardness, elastic modulus, and bonding structure of fluorinated silicon with adjusted pH was used for polishing in an attempt to delineate the chemical erosion from mechanical abrasion effects during CMP of SiOF films. Finally, changes in refractive index, surface morphology and bonding density after CMP were recorded to evaluate the chemical stability and CMP viability of low-c SiOF dielectric thin films.
Experimental Preparation of SiOF films-All test samples in the present study were deposited on p-type (100), 150 mm silicon wafers in a Novellus dual frequency PECVD reactor with TEOS/O,/C,F6 chemistry The high frequency (13.56 MHz) was used to generate the plasma and the low frequency (0.375 MHz) was used to enhance the ion bombardment of the deposited films. The SiOF films with different fluorine content were obtained by adjusting the C2F6 flow rate from 0.8 to 4.8 liter per minute while fixing the TEOS and 0, flow rates at 0.0023 and 10 liter per minutes, respectively. The chamber pressure was 2.6 Torr and the substrate temperature was 400°C. All specimens were deposited to a thickness of about 1 p.m.
Polisher setup-A Westech Model 372M CMP processor, consisting of an IC 1000/Suba IV (made of polyurethane impregnated polyester) pad affixed to a circular polishing table, and a carrier to hold wafers against the pad was used for polishing. During the polishing experiment, the wafer was mounted on a template assembly for a single 6 in. diam wafer. The Teflon retaining ring is recessed from the wafer surface by 7 mils. Pressure at the wafer-slurrypad interface is controlled via an overhead mechanism which allows pressure to be applied to the wafer holder. Both the carrier and table were rotated independently. The thickness and refractive index of the dielectric films were measured by a Nanospec 21OXP thickness measurement system. The thickness was averaged over nine measurement points to determine the polish rate.
Pad conditioning-Pad conditioning techniques were used to refurbish the pad surface to maintain the removal rate without sacrificing uniformity In our experiments, pad conditioning with Rotating Pad Conditioner II was performed between each wafer to clean the slurry residue and to lift the pad fibers for further processing. Without this procedure, the polish rate decreased substantially after only several wafers. Our polishing experiments were carried out under well-controlled conditions, e.g., pad conditioning was performed before and between each wafer, and polishing was terminated before pad glazing could cause a significant decrease in removal rate.
Slurry preparation.-Slurry composition, flow rate, and the direction of slurry impingement onto the polish pad play important roles in the interlevel dialectric (ILD) CMP removal rate. The pH of the slurry is especially important in controlling the etching characteristics and chemical erosion during CMP of the wafers. The slurry pH also affects the dispersion of silica particles significantly. The particles attain a surface charge, the sign and magnitude of which depend on the pH of the solution. As pH increases, the zeta potential (the actual potential a few angstroms away from the surface) of the particles decreases, becoming negative for pH above the isoelectric point.14 Up to pH 7.5, the viscosity of the silica slurry in an aqueous medium is very high. Beyond pH 7.5, the silica particles attain sufficient surface charge to generate electrostatic repulsion and effectively disperse the slurry. Finally, at pH greater than 10.7, the particles dissolve and form silicate. 15 Within the limits, a higher concentration of hydroxyl ions in the slurry significantly increase the ILD etch rate.
In our experiments, the CMP removal rates with variations in slurry pH (9 and 10) and down force pressure (4 to 17 psi) were monitored in order to assess the roles of chemical erosion and mechanical abrasion during CMP of SiOF films. The polish slurry (SC-i slurry available from Rippey Corporation) was a suspension of fumed silica dispersed in aqueous potassium hydroxide. The SC-i slurry pH is adjusted by HNO3 solution. The pH decreased linearly with the increasing volume of HNO3 added. The slurry remains stable in the pH range between 10.3 to 8.4 while suspensions occur when the pH value gets below 8.4. Therefore the pH values are set at 9 and 10 in order to attain stable and consistent removal rate data for studies of the chemical erosion effects during CMP. Nanoidentation measurement.-A NanoTest 500 microprobe system with a Berkovich-type indenter is used for nanohardness determination. The elastic modulus is calculated from the elastic recovery parameter16 R defined as
where E is the elastic modulus, H is the nanohardness, v is the Poisson's ratio, and K is the indenter shape factor which is 23.897 for Berkovich indenters. In this work, the loading rate was set at 1.2 mN/s to a maximum depth of 600 nm and the ambient temperature was held at 22.7°C. For this study, it was assumed that the substrate did not significantly affect the modulus value obtained by indenting into the first 400 nm of the 1 p.m thick films. For each sample, five separate indents, spaced 20 p.m apart from each other, were made on the surface under investigation.
Material characterization.-Chemical, physical, and electric properties of the film, such as refractive index, residual stress, wet etching rate, chemical bonding structure, fluorine content, dielectric constant, nanohardness, and elastic modulus were investigated using approximately 1.0 p.m thick films on Si substrates. The residual stress was calculated from the following formulae
where a, E, u, h,, h6, and R are film stress, Young's modulus of Si, Poisson's ratio of Si, Si substrate thickness, film thickness, and radius of curvature, respectively. The radius of the curvature was measured by a FLX 2320 stress measurement system. The wet etching rate of the SiOF film was determined using a 10:1 buffered buffered oxide etch (BOE) aqueous solution. A Fourier transform infrared (FTIR) measurement system, Model QS-300 (Bio-Rad), was employed for investigating the chemical bonding structure and Si-F bond concentration. Bare silicon wafers were used as the references for FTIR measurements before TEOS-oxide or fluorinated oxide deposition. The dielectric constant was calculated from the maximum capacitance evaluated from a 1 MHz capacitance-voltage measurement.
Results and Discussion The absorption peak at around 940 cm', which corresponds to the Si-F stretching mode, is also present. As depicted in Fig. la , the peak height of Si-F bond increases with the increase in the C2F6 flow rate. These Si-F bonds were formed during the surface anisotropic etching by C2F, plasma. Most of them were evaporated while some remained on the surface and were incorporated in the oxide structure.5 In addition, the peak position of Si-O bond (stretching mode) moves slightly toward higher wave numbers and width of the Si-O band decreases with the concurrent increase in peak height of the Si-F bonds. As shown in Fig. ib , the Si-OH bonds at wave numbers around 3650 cm' are also present. The absorption peak height of the Si-OH bonds in the as-deposited SiOF films decreases with the increasing fluorine concentration.'6 However after being exposed to the clean room ambient for 72 h, the Si-OH peak height of these SiOF films with higher fluorine content is found to increase due to a higher amount of moisture intake relative to the undoped PE-TEOS oxides. Finally, absorption peaks corresponding to organic compounds are not found in the SiOF films.
The presence of the highly (in fact, the most) electronegative fluorine ions in the SiO2 network induces remarkable impacts on the electrical, mechanical, and chemical prop- The alterations in material characteristics by the addition of fluorine into the PECVD oxides would certainly affect the CMP performance of this new low-€ dielectric. The CMP removal rates under a fixed pressure of 7 psi (48,260 Pa) for SiOF films of different fluorine concentration are shown in Fig. 3 . Removal rates with Cabot's SC-i slurry of pH 9 and 10 are both recorded. The presence of fluorine in the oxides not only enhances the removal rate significantly but also sensitizes the oxides to slurry pH value. Higher removal rates are observed with the slurry of pH 10 as more fluorine is added to the oxides. This may result from the accelerated chemical reactions between the higher pH alkaline based slurry and the SiOF films with higher fluorine content (increased acidity).
The variations in removal rate with the applied down pressure for undoped and fluorine-doped TEOS oxides are depicted in Fig. 4a and b for slurry with pH 10 and pH 9, respectively, in both cases, removal rates are found to be more sensitive to the variations in down pressure in SiOF films than in undoped oxides. These results can be justified on the basis of enhanced chemical reactivity and Removal rate = K,. x PV (where K,. is the Preston coefficient, P is the applied down pressure, and V is rotation speed), the first derivative of removal rate to applied down pressure at constant platen speed (20 rpm in the present study) signifies the weighing factor which accounts for the degree of chemical erosion and material effects to the overall material removal, besides the contribution of pressure and speed. Therefore, in the present case, the greater slope of the removal rate vs.
pressure line for fluorine-doped oxides relative to un- that CMP removal rate enhancement of the fluorinated oxides is due to their higher chemical reactivity and reduced hardness and modulus.
As mentioned earlier, moisture absorption can be a serious problem for the stability of SiOF films. Since, during the CIVIP process, wafers are in intimate contact with an aggressive aqueous s1urr post-CMP property changes resulting from moisture absorption may be one of the critical issues to determine the feasibility of CMP for SiOF films. Figure 5a shows the post-CMP changes in refractive Refractive index Also shown in Fig. 6b are the FTIR spectra over the wave number range between 3000 and 4000 cm1. It suggests that the OH-bonds have been formed on the SiOF film surface after CMP. These post-CMP RI. increase and chemical bonding modifications due to moisture permeation may also correspond to an increase in dielectric constant,17 manifesting the deterioration of low-K characteristics.
The mechanisms associated with the formation of OHbonds and the deterioration of SiOF upon moisture absorption are not clear yet. Figure 7 is the scheme of our proposed bond reconstruction mechanism for the hydration of SiOF in an aqueous medium. As discussed previously, the incorporation of fluorine atoms results in the weakening of neighboring Si-O bonds. These weakened Si-O bonds would be vulnerable to the attack by OH-or H20. After the attack, the resulting silanol Si03-OH (left side of Fig. 7 ) groups would experience the reactions similar to the ones described in the model by Pietsch et at. 19 while the Si03-F (right side of Fig. 7 ) may undergo a series of hydration reactions as follows
As a result of these hydration reactions, Si-OH bonds are formed from the film surface while Si(OH)4 radicals and F anions are released from it. The released fluorine anions would react with HO to form HF which etches the oxides again. Therefore, this phenomenon is termed a "self-assisted etching" mechanism as described previously. th addi- 
With regard to the mechanical part of CMP, hardness and elastic modulus of the thin films to be polished provide a quick and easy access to monitor the removal rate. The correlations between these two mechanical characteristics and the CMP removal rates of the undoped and fluorine-doped TEOS oxides are shown in Fig. 8 . All quantities are normalized with respect to those of undoped TEOS so that their ratios are used to index the axes. A linear relationship exists between the hardness of these oxides and their CM? removal rate. In addition, the CMP removal rate is found to be inversely proportional to the elastic modulus, consistent with the prediction using the wear model by Liu and co-workers,2° which can be simplified as Removal rate = C X + --X PV Ef) where E and Ef are the moduli for the abrasives and the films to be polished, respectively; P is the down pressure, V is the rotation speed, and C is a coefficient related to slurry chemistry and other material characteristics. The results in Fig. 8 also indicate that under fixed chemistry and mechanical parameters, the CMP removal rate increases significantly with increasing fluorine content in the TEOS oxides due to the lower hardness and modulus in the SiOF films.
To successfully implement SiOF into the multilevel interconnect scheme, one has to engineer a process that is capable of achieving global planarization while maintaining the reliability and low-K characteristics of the SiOF. Based upon the results presented herein, the selection of a SiOF dielectric for IMD applications translates into tradeoffs between CMP compatibility and low-K characteristics. A fluorinated oxide with 5.8 a/o Si-F and a dielectric constant of -3.5 exhibits low compressive stress, reasonable mechanical strength, moderate CMP removal rate, and stable post-CMP characteristics, as evidenced from the data in Table I We investigated the bonding-related gases trapped inside the cavities of micromachined silicon test structures that had been sealed by silicon direct bonding or anodic bonding under vacuum conditions. The gas content inside the cavities was analyzed by quadruple mass spectroscopy. The magnitude of the residual gas pressure inside the cavities for different cavity layouts and for various bonding processes was monitored. In cavities bonded by low-temperature silicon direct bonding the residual gases are reaction products originating from the mating silicon surfaces during annealing.
Inside the cavities mainly H2, 1120, and N2 are found. The total gas pressure is primarily determined by the H2 component. Cavities sealed by anodic bonding mainly contain 02, which originates from mobile oxygen ions inside the bonding glass. The residual gas pressure inside anodically bonded cavities depends neither on the applied bonding voltage nor on the bonding area surrounding each cavity.
Infroduction
Silicon micromachining has gained importance lately as a manufacturing process for mechanical components that are inexpensive and can be batch-processed in large quantities. Many micromechanical applications need the hermetical vacuum sealing of cavity structures. This can be accomplished on a wafer basis by silicon wafer bonding under vacuum conditions. The two dominant bonding technologies are silicon direct bonding (SDB) and anodic bonding (AB).' SDB is a process whereby two silicon wafers are mated together at room temperature and then annealed to achieve a higher bond strength.2 AB is mainly employed in joining a silicon and a glass wafer by applying a dc voltage across the silicon/glass sandwich. 3 For vacuum enclosure, wafer bonding is performed under reduced pressure in a vacuum chamber. It is known that the residual gas pressure inside the cavity after bonding is considerably higher than the original chamber pressure.1 Two gas sources may be responsible for this effect. Reactions occurring during the bonding process can lead to the generation of gaseous reaction products. Another source could be the desorption of gases from the bond interface and from the inner surfaces of the cavity.
The released gases are trapped inside the cavities and critically influence the device performance of micromechanical applications. For example, the frequency response of mechanical oscillating parts inside the cavity is strongly dependent on the residual gas pressure.4 Additionally, the gas content is of interest, since the enclosed gases may cause corrosion inside the cavities. 5 Only a few process ideas to minimize the gas pressure enclosed inside the cavities have been reported in the literature.' All of them concentrate on the removal of the generated gases after the bonding process and do not focus on the prevention of the gas evolution process itself.
Yoshimi et al.6 realized very small residual gas pressures by placing a getter material inside the cavities.
Gas generation at the interface of directly bonded silicon wafers takes place during annealing and is strongly temperature dependent.7 Gases trapped at the bonding interface are assumed to be the cause of poor low-temperature bonding strength.8 For unstructured silicon wafers the gas generation manifests itself in the formation of bonding defects, the so-called interface bubbles.9 It is presumed that interface bubbles are filled with 112, 1120, and gaseous hydrocarbons. Anodic bonding of thin glass wafers to a silicon substrate also results in the formation of bubble-like voids speculated to be due to gases evolved from the glass.'° Alkali oxide-containing glasses as employed for anodic bonding are known for oxygen evolution during application of a dc potential to the glass." Based on this observation a high oxygen content inside anodically bonded cavities is expected.
To our knowledge the present report is the first one on the nature of the gases enclosed inside the cavities after bonding in vacuum. There is one report'2 in the literature that deals with the analysis of the gas content of cavities directly bonded under normal atmospheric conditions. However, in this case it was not possible to identify clearly whether the observed gases resulted from the enclosed atmosphere or from interfacial reactions.
We investigated the bonding-related gas generation and its dependence on various bonding parameters. The gas content inside the cavities of pressure sensor test structures was analyzed by quadruple mass spectroscopy (QMS) . For this purpose bonded cavities were opened in ultrahigh vacuum (UHV) by breaking the silicon mem- 
